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1. Introduction 


Light travels through space in the form of electromagnetic waves of different wavelengths. 
The entire wavelength range represents the electromagnetic spectrum. Spectroscopy studies 
the interaction between light and matter, in order to draw information about the chemical 
composition inside (Lee et al., 2011). Figure 1 shows the various bands of the 
electromagnetic spectrum. This chapter refers to measurements performed in the 200-2500 
nm band, which is usually subdivided into three portions: the ultraviolet (UV), the visible 
(VIS) - perceivable by human eyes - and the near-infrared (NIR). They correspond to the 
200-400 nm, 400-780 nm, and 780-2500 nm ranges, respectively. 
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Fig. 1. The electromagnetic spectrum 
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A light beam illuminating an olive oil sample gives rise to reflected, transmitted, and 
scattered intensities. Optical absorption spectroscopy, as shown in Figure 2, makes use of a 
broadband UV-VIS-NIR source of intensity Io to illuminate the olive oil sample. Then, the 
transmitted light intensity I, as a function of the illumination wavelength is measured. The 
change in light intensity, providing the transmittance T, is determined by the molar 
absorptivity e, the concentration of absorbing species C, and the optical path L, via the 
Lambert-Beer relationship, expressed by Equations 1 and 2. T is frequently expressed 
logarithmically as in Equation 3, to give the so called optical absorbance A, which results 
linearly dependent on concentration. 


e(à) C 
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Fig. 2. Optical absorption spectroscopy: the working principle 
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This chapter focuses on extra virgin olive oil quality evaluation achieved by means of UV- 
VIS-NIR absorption spectroscopy. The composition of olive oil is about 98% triglycerides 
and approximately 2% non glycerid constituents. 


- The UV spectrum involves the electronic absorption of fatty acids; in particular, the 230- 
270 nm band shows high absorption when conjugated dienes and trienes of unsaturated 
fatty acids are present. For this reason, the absorbances measured at 232 nm and 270 
nm, namely K332 and Ko70, provide an official method for olive oil quality control, which 
is capable of detecting product oxidation and adulteration by means of rectified oils. In 
addition, the 300-400 nm band provides information about polyphenols (Jiménez 
Marquez, 2003; Cerretani et al., 2005). 

- The VIS spectrum reveals the presence of dyes and pigments (Wrolstad et al., 2005). A 
and B chlorophylls and their derivatives (pheophytins), carotenoids, and flavonoids 
such as anthocyanins present distinctive absorption bands in the VIS. 

- The wide NIR range is informative for the molecular structure of fats, thanks to the 
presence of overtones and combinations of vibrational modes of C-H and O-H bonds 
(Osborne et al., 1993; Ozaki et al., 2007). 


In practice, the entire UV-VIS-NIR absorption spectrum can be considered an optical 
signature, a sort of univocal fingerprint of the olive oil. The spectroscopic data can be 
suitably processed for obtaining a correlation to quality indicators, to the geographic origin 
of production, to product authenticity as well as to adulteration detection. 
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2. Instrumentation 


Absorption spectroscopy in the UV-VIS-NIR range is one of the most popular measuring 
methods of conventional analytic chemistry (Mellon, 1950; Bauman, 1962). The most 
relevant advantages offered are: 


- direct measurement: little or no sample preparation is necessary; consequently, the 
analysis is simple, fast, and does not require manual intervention; 

- non-destructive analysis by means of a small quantity of sample; 

- compatibility for use in an industrial setting by means of compact instruments. 


The conventional instrument for absorption spectroscopy is the double-beam 
spectrophotometer, the working principle of which is depicted in Figure 3. Since quartz- 
based optical fibers are transparent in the UV-VIS-NIR range, they are used to equip 
conventional spectrophotometers by flexible means. Indeed, optical fibers offer the unique 
possibility of localized probing, a particularly attractive feature for online measurements, 
which can be carried out in real time without any sample drawing. Moreover, the recent 
availability of bright LEDs and miniaturized spectrometers further enhances the intrinsic 
optical and mechanical characteristics of optical fibers and makes it possible to implement 
compact and moderate-cost instruments. 
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Fig. 3. Working principle of a double-beam spectrophotometer 


The conventional spectrophotometer, implemented by means of optical fiber technology, is 
depicted in Figure 4. In this case, optical fibers are used for both illumination and detection, 
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Fig. 4. Fiber optic setup for absorption spectroscopy 
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and a single cuvette is used. The reference spectrum is measured prior to sample analysis. 
While the optical fiber strand for illumination can be a single optical fiber or a bundle, the 
detection is necessarily carried out by means of a bifurcated bundle, or by a coupling device, 
so as to split the detected light intensity into two spectrometers, for the UV-VIS and the NIR 
spectroscopic range, respectively. 


3. A touch of chemometrics 


The chemical information given by an absorption spectrum is contained in the positions and 
intensities of the absorption bands. Whereas the band positions give information about the 
appearance and the structure of certain chemical compounds in a mixture, the intensities of 
the bands are related to the yield of these compounds. Since olive oil contains numerous 
compounds, the UV-VIS-NIR absorption spectrum shows broad peaks resulting from the 
convolution of the many overlapping bands, as summarized in Figure 5 (Osborne, 2000). 
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Fig. 5. Absorption spectrum - convolution of absorption spectra of many compounds in a 
mixture 


For qualitative and quantitative analysis, the spectroscopic fingerprinting must be calibrated 
against reference analytical data from a database of samples representing the best variability 
in the population. Figure 6 summarizes the steps to follow for achieving a multicomponent 
analysis from absorption spectroscopy. 


- What is needed is a library of representative spectra and relative analytical data to 
which the spectrum of a test sample may be matched. 

- Firstly, a data dimensionality reduction is carried out, which usually leads to a scatter 
plot where samples are clustered according to the similarity of their spectra. This allows 
a preliminary inspection of data structure and the detection of what parameters are 
more likely to be correlated with spectroscopic data. 

- Then a more specific analytical tool is chosen according to the type of variable that has 
to be predicted (quantitative or qualitative). A “Calibration Matrix” is created from 
which the constituent of interest may be calculated by means of a linear combination of 
spectroscopic data. The calibration equation has associated statistics which define the 
closeness of the actual and predicted values. A scatter plot is usually created to detect 
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any aberrant data. Ideally, the scatter plot should contain data points distributed evenly 
along a straight line with a narrow confidence limit. 

- A validation procedure is then applied for testing the effectiveness of calibration 
method. While the data dimensionality reduction is usually capable of identifying 
similarities among products, the correlation to quality indicators always needs the 
further steps of calibration and validation. 
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Fig. 6. Steps toward a multicomponent analysis by spectroscopy and chemometrics 


Given the nature and complexity of the spectroscopic and analytical data sets involved, 
many multivariate chemometric techniques have been proposed (Ingle et al., 1988; Mark et 
al., 2007). The challenge of every multivariate data processing method is to provide excellent 
classification performance even when few training data are available. Indeed, smart data 
processing by means of chemometrics makes UV-VIS-NIR optical spectroscopy a rapid and 
non-destructive method for quality assessment of extra virgin olive oil. 


One of the most popular techniques for explorative analysis, data dimensionality reduction, 
and clustering is the Principal Component Analysis (PCA) that provides the coordinates for 
identifying the samples in a 2D or 3D map (Jackson, 2003). It linearly combines the 
spectroscopic data characterizing each oil sample to produce new variables. The coefficients 
giving the weight of each variable in the linear combination are called loadings. The new 
variables are called Principal Components (PCs), and have the following properties: 


- the PCs are mutually uncorrelated (orthogonality); 
- the 1st PC (PC1) has the largest variance among all possible linear combination of the 
starting variables; 


www.intechopen.com 


52 Olive Oil — Constituents, Quality, Health Properties and Bioconversions 


- the PCn has the largest variance among all linear combination of the starting variables 
that are orthogonal to PC1 ... PC(n - 1). 


This means that high order PCs have little weight in characterizing the oil samples, and can 
be disregarded with little loss of information. The loading plots are useful to interpret the 
score map: they show what variables are important for a given PC. A variable with 0 
loading has no importance, a variable with high (positive or negative) loading is important. 
If a PC has a positive or negative loading at a given wavelength, a sample having high 
absorbance at that wavelength will tend to have a positive or negative score along that PC. 


PCA can also be used for prediction of categorical variables, that is classification, at least in 
those cases in which they are clearly distinguishable. However, when PCA does not provide 
satisfactory classification, a more dedicated multivariate data processing tool must be used, 
such as the Linear Discriminant Analysis (LDA). LDA is a powerful tool that provides both 
a reduction in dimensionality and automatic object classification. Like PCA, LDA projects a 
high-dimensional pattern onto a subspace of smaller dimension, but the axes for projection 
are chosen using a different criterion (Vandeginste et al., 1998). 


From the point of view of discriminant analysis, PCA has a drawback: because it weighs the 
variables in terms of their variance, the features with good discriminating power but limited 
variance are disregarded. On the contrary, LDA is a tool that is specifically suited for 
identification, and looks for those variables that show a large spread among different 
clusters (inter-class variance), but limited variance within each cluster (intra-class variance). 
Given an N-class problem, the LDA extracts from the data matrix N-1 Discriminating 
Functions (DFs), which correspond to Principal Components in the PCA, but show a better 
resolution with regard to poorly-separated clusters. LDA is a supervised method. It needs a 
training set of already classified objects to estimate inter-class and intra-class variances. If all 
starting variables obey the Gaussian distribution, LDA also provides an easy way to classify 
unknown patterns. In this case, the points of each cluster in the DF space are distributed 
following the (N-1)-dimensional Gaussian density function. Thus, classification is achieved 
simply by evaluating the coordinates of a pattern in the DF space, and then by seeing which 
of the N density function is higher at that point. 


One of the most popular techniques for the prediction of quantitative variables, such as the 
concentration of an analyte in a multicomponent mixture, is the Partial Least Squares 
regression (PLS) (Wold et al., 2001). This method is used when the predictor matrix has 
many collinear variables and the usual Multiple Linear Regression (MLR) cannot be applied. 
PLS looks for a limited number of PLS factors (PF) which are linear combinations of the 
original predictors. These new variables are mutually orthogonal (thus uncorrelated) and 
have the maximum possible covariance with the target variable, among all possible 
combinations of the original predictors. The idea is that each PF should be linked to a 
different source of data variance, with the first PF being the most linked to the target 
variable. The estimation of the optimal number of factors needed to fit the data is a critical 
issue of PLS. The optimal number of factors is usually assessed by testing each PLS model 
on the validation set and by minimizing the RMSEP (Root Mean Square Error of Prediction). 
There are two other fundamental parameters for assessing the goodness of the fit: the 
RMSEC (Root Mean Square Error of Calibration) and the determination coefficient (R2), 
respectively. RMSEC is, like RMSEP, an estimation of the expected prediction error, but is 
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evaluated on the calibration set. The closeness of RMSEC and RMSEP provides an 
estimation of robustness of the predictive model. R2 is, instead, the squared correlation 
coefficients between predicted and reference values, for the calibration set; thus the fit is as 
better as this value is closer to 1 (R? < 1). 


4. Scattered colorimetry — Looking at olive oil as it is 


The extra virgin olive oil is a blend of cultivars - different varieties of fruit species - which 
determine the blend’s organoleptic properties. In addition to a distinctive taste, each oil 
blend has a distinctive color and turbidity. Color is mainly determined by the pigment 
content of the olives, and by the stage of ripening when they are harvested, whereas 
turbidity is mainly related to the mill type. Moreover, some commercial oils are filtered 
before bottling, while other oils are bottled unfiltered to provide a natural appearance. 
Anyway, both color and turbidity provide a means for oil assessment, and standard 
techniques are used for their independent measurement. 


- Color: the intensity of a white-light source crossing the liquid is measured by a 
spectrometer, giving the transmission spectrum. The chromaticity coordinates L*, a*, 
and b* of the CIE1976 Chromaticity Diagram, are then computed (Figure 7, top-left) 
(Billmeyer et al., 1981; Hunt, 1987). 

- Turbidity: the intensities of the monochromatic light crossing the liquid along its axis 
and scattered at 90° are measured. The ratio between the two is the turbidity in 
nephelometric turbidity units (Figure 7, top-right) (ISO 7027, 1999). 


These color and turbidity measurement methods are popular because of their generality, 
simplicity, and applicability. In the case of color, since the definition of color is independent of 
the substance, the method can be applied to any liquid. In the case of turbidity, the 
independence of the test material is attained by reference to an ISO standard turbid material. 


However, both methods view the characteristics separately, i.e., the color method never 
considers the liquid’s turbidity, while the turbidity method never considers the color. Usually, 
in order to avoid mutual interferences, the olive oil is filtered prior to color measurements, 
while turbidity measurements are performed at a color-independent wavelength - typically at 
830 nm. In order to evaluate the olive oil sample as it is, a new technique combining color and 
turbidity measurements was proposed, which was called scattered colorimetry or spectral 
nephelometry, since it extended the color and turbidity standards by adding light sources and 
observation angles, as shown in Figure 7-bottom (Mignani et al., 2003). 


Scattered colorimetry makes use of four white light sources, which span the 450-630 nm 
spectroscopic range, and a miniaturized optical fiber spectrometer as detector. The sources, 
positioned at different angles with respect to the detector, are sequentially switched on to 
measure, in addition to the transmitted spectrum, the scattered spectra at the given angles. 
The transmitted spectrum mainly provides information regarding color, which is also 
dependent on the turbidity, while the scattered spectra mainly provide information on 
turbidity, which is also dependent on the color. Measurements on a vial filled by distilled 
water are carried out prior to sample analysis, so as to obtain reference signals. Then, the 
spectroscopic data are processed by means of chemometrics, thus providing few coordinates 
that summarize the combined effects of color and turbidity. 
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Fig. 7. The working principle of scattered colorimetry (bottom), compared to colorimetry 
(top-left) and turbidimetry (top-rignt) 


Scattered colorimetry showed effectiveness in discriminating the geographic regions of 
production (Mignani et al., 2005). Figure 8 shows the clustering maps of a couple of 
experiments carried out by analyzing collections of extra virgin olive oils produced in 
different geographic regions of the Mediterranean area. Figure 8-left shows the 3D map 
obtained by LDA processing the spectra of a collection of 236 oils. The collection comprises 
115 Tuscan and 53 Calabrian extra virgin olive oils produced by traditional methods, and 68 
oils (58 extra virgin and 10 non extra virgin) purchased from retailers. The Tuscan oils are 
clearly distinguishable from the other extra virgin oils as are the Calabrian oils. As expected, 
the cluster of non extra virgin olive oils is distinctly separated. Figure 8-right shows another 
2D map, again achieved by means of LDA processing of spectroscopic data of a collection of 
270 extra virgin olive oils artesanally produced. This collection comprises 213 Italian (90 
Tuscan and 123 Sicilian) and 57 Spanish samples. The olive oils of the two countries have 
intrinsic differences influenced by the diverse cultivars, weather conditions, harvest times, 
and production methods. An evident clustering according to geographic regions of origin is 
achieved. 
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Fig. 8. Effectiveness of scattered colorimetry for discriminating the geographic area of 
production: Italian extra virgin olive oils from different regions and oils from retailers (left); 
Spanish and Italian oils (right) (with kind permission of Elsevier and SPIE) 


www.intechopen.com 


Optical Absorption Spectroscopy for Quality Assessment of Extra Virgin Olive Oil 55 


5. UV-VIS-NIR absorption spectroscopy 


The little VIS range used in scattered colorimetry only allows to classify oils according to their 
geographic region of production. In this paragraph, traditional absorption spectroscopy is 
discussed, which is applied to filtered olive oil samples in order to avoid the influence of 
turbidity. Indeed, traditional absorption spectroscopy, with or without optical fibers, is 
certainly the most frequently used spectroscopic technique for olive oil analysis. Since every 
spectroscopic range is bringing peculiar information, the combination of UV-VIS, or VIS-NIR 
bands, or the entire UV-VIS-NIR range makes it possible to achieve wider information. 
Nutraceutic parameters can be predicted, which allow to recognize olive oils of different 
qualities. In addition, mixtures of extra virgin with lower quality oils can be detected. 


Many types of extra virgin olive oils of the Mediterranean region were classified according 
to their geographic origin by means of absorption spectroscopy combined to chemometrics. 
The NIR band was used to classify French oils from several regions holding quality labels as 
registered designation of origin; squalene and fatty acids were also predicted (Galtier et al., 
2007). The NIR was also used to classify Spanish oils (Bertran et al., 2000), to predict acidity 
and peroxide index (Armenta et al., 2007), and to detect and quantify the adulteration with 
sunflower and corn oil (Ozdemir et al., 2007) and other vegetable oils (Christy et al., 2004; 
Oztiirk et al., 2010). Greek oils from Crete, Peloponnese and Central Greece were classified 
both by the UV-VIS (KruZlicova et al., 2008) and the VIS-NIR bands (Downey et al., 2003), 
the latter being effective for detecting the adulteration with sunflower oil (Downey et al., 
2002). The UV-VIS band was also used to detect the adulteration of extra virgin olive oils 
mixed with lower quality olive oils (Torrecilla et al., 2010). 


The entire UV-VIS-NIR spectrum was exploited to both classify according to geographic 
region of production, and to predict quality indicators of Italian extra virgin olive oils. The 
spectra shown in Figure 9-left refer to a collection of 80 extra virgin olive oils produced in 
four different regions of Italy: Lombardy, Tuscany, Calabria and Sicily. Lombardy is located 
in the northern part of Italy, Tuscany in the center, while Calabria and Sicily in the south, 
being Sicily the southest region. A chemometric data processing of these spectra allowed to 
achieve the regional clustering shown in Figure 9-right, and to predict quality indicators, as 
shown in Tables 1 and 2 (Mignani et al., 2008). 
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Fig. 9. Transmission spectra in the UV-VIS-VIR ranges of 80 extra virgin olive oil samples 
from four Italian regions (left), and regional clustering obtained by a chemometric 
processing of spectroscopic data (right) (with kind permission of SPIE) 
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Calibration | Spectroscopic range | Number of PLS 


. 2 
Quality parameters range (nm) regressors ‘i 
Piee addiy 0.12 - 1.555 780 - 2500 3 0.8407 
(% oleic acid) 
Peroxide value 3.76 - 13.98 1000 - 2333 2 0.9628 


(meq O / kg. oil) 


K232 0.922 - 1.548 1333 - 2222 3 0.9942 
K270 0.062 - 0.1178 1333 - 2222 3 0.9825 


AK -0.004 - 0.01 1333 - 2222 2 0.4344 


Table 1. Prediction of quality parameters of the extra virgin olive oil collection of Figure 9 


Fatty acids Calibration range (%) e Aa R2 
Oleic 65.847 - 76.334 1333 - 2222 1 0.9986 
Palmitic 9.62 - 17.113 300 - 2300 2 0.9847 
Linoleic 4.469 - 10.95 1333 - 2222 1 0.9553 
Stearic 2.565 - 4.046 780 - 2500 2 0.9942 
Palmiticoleic 0.367 - 1.457 1333 - 2222 2 0.9504 
Linolenic 0.646 - 1.066 1000 - 2300 1 0.9822 
Arachiric 0.382 - 0.642 1000 - 2222 1 0.9896 
Eicosenoic 0.212 - 0.431 1000 - 2300 2 0.9821 
Behenic 0.042 - 0.411 300 - 2300 2 0.8892 
Heptadecenoic 2 0.8081 
Heptadecanoic 0.025 - 0.29 1000 - 2300 2 0.8337 
Lignoceric 0.026 - 0.205 1333 - 2222 1 0.8532 


Table 2. Prediction of fatty acids of the Sicilian extra virgin olive oils of Figure 9 


6. Diffuse-light absorption spectroscopy 


The scattered colorimetry technique allows for assessing the olive oil by considering both 
color and turbidity. Indeed, although the intrinsic turbidity of the oil can be regarded as a 
peculiar characteristic, it has an unstable and non-reproducible influence on absorption 
measurements because of its time dependent nature. In fact, suspended particles created 
during production of the olive oil usually settle down in a non-reversible way, because they 
tend to aggregate at the bottom of the container, creating a sort of sludge. Absorption 
spectroscopy in the UV-VIS-NIR of filtered samples demonstrated effectiveness to achieve 
wider quality information. However, sample filtering is not only a time-consuming 
procedure, but is also an action that alters the composition of the sample. In fact, turbidity is 
also due to the presence of water, and water removal causes a serious loss of water-soluble 
compounds-such as polyphenols-that are responsible for the unusual character and 
authenticity of olive oil. 
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Diffuse-light absorption spectroscopy, that is, spectroscopy carried out by means of an 
integrating cavity, is an alternative spectroscopic technique which allows to achieve 
scattering-free absorption spectra, that is, without caring about the intrinsic turbidity of the 
olive oil. It has been proposed in the literature as an effective method for overcoming 
scattering problems in process control (Fecht et al., 1999) and biological applications 
(Merzlyak et al., 2000), as well as for more general quantitative spectrophotometry (Javorfi 
et al., 2006). 


Diffuse-light absorption spectroscopy makes use of an integrating sphere that contains the 
sample under test. The source and the detector are butt-coupled to the sphere, as shown in 
Figure 10. 


Integrating sphere Detector 


Source 


Fig. 10. Setup for diffuse-light absorption spectroscopy by means of an integrating sphere 


Almost all the light shining on the sphere surface is diffusely reflected, and the detector can 
be placed anywhere in the sphere in order to gather the average flux (Elterman, 1970; Fry et 
al., 1992; Nelson et al., 1993; Kirk, 1995). By inserting an absorbing medium in the cavity, a 
reduction of the radiance in the sphere occurs. The reduction is related to the absorption of 
the medium and to its volume, and is independent of non-absorbing objects within it, such 
as suspended scattering particles. The light intensity detected by means of this measuring 
setup is described by Equation 4: 


_ Rly Ay R 1 a 
` 1z (S-4,-aV) 


I 


where Io: source power; I: detected power; a=eC: sample absorption coefficient; V: sample 
volume; Ag: detector area; As: source area; R: cavity power reflectivity; S: cavity surface 
area. 


This technique was used to detect the adulteration of high quality extra virgin olive oils 
produced in Tuscany caused by lower quality olive oils such as olive pomace, refined olive 
pomace, refined olive, and deodorized olive oils (Mignani et al., 2011). Mixtures of four 
original extra virgin olive oils and the four types of adulterants were artificially created at 
different adulterant concentration. Figure 11-top shows the diffuse-light absorption spectra 
of high quality oils (left) and the others used as adulterants (right). Then, chemometrics was 
applied for achieving adulterant discrimination and prediction of relative concentration. 
Figure 11-bottom shows the discriminating maps: PCA was capable of discriminating 
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samples adulterated by means of deodorized olive oil (left), while a deeper LDA processing 
was needed for discriminating the other adulterants (right). 
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Fig. 11. Top: Diffuse-light absorption spectra of original extra virgin olive oils (left) and 
other lower quality olive oils commonly used as adulterants (right). Bottom: Discriminating 
maps obtained by chemometric data processing of absorption spectra (with kind permission 
of Springer Science+Business Media) 


7. Perspectives 


Absorption spectroscopy, carried out in the UV-VIS-NIR and combined with chemometrics, 
can be used for authentication, fraud detection, as well as for quantifying quality indicators. 
Optical fibers can be used for localized or online analyses. 


Absorption spectroscopy for assessing the extra virgin olive oil can be performed also in 
other spectroscopic bands of the electromagnetic spectrum, especially in the mid-infrared 
(MIR) and far-infrared (FIR). Recently, NIR and MIR bands were successfully combined and 
showed effectiveness not only for classifying Italian and French olive oils (Sinelli et al., 2008; 
Galtier et al., 2011), but also for a classification on the basis of the fruity sensory attribute 
(Sinelli et al., 2010). The instrumentation for MIR absorption spectroscopy makes use of 
other types of sources/detectors/optics and measuring schemes. Usually, the attenuated 
total reflection modality is used, which allows absorption measurements even in high 
absorption liquids, like olive oil is in the MIR. 
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Other optical spectroscopic techniques are emerging for the quality assessment of extra 
virgin olive oils, especially the fluorescence and the Raman spectroscopies. The interested 
readers can have a look at the most recent bibliography (Ross Kunz et al., 2011; El-Abassy et 
al., 2010; Paiva-Martins et al., 2010; El-Abassy et al., 2009; Tena et al., 2009; Zou et al., 2009; 
Sikorska et al., 2008; Poulli et al., 2007). 
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